ABSTRACT A method is described for estimating the impact of a parasitoid on the abundance of a nontarget host, using the intrinsic rate of host increase, the average abundance of the host in the presence of parasitism, and the estimated mortality caused by the parasitoid. The method is applied to the braconid Microctonus aethiopoides Loan, introduced to New Zealand to control Sitona discoideus Gyllenhal in lucerne but also attacking native weevils Irenimus spp. and Nicaeana spp. The nontarget host population was modeled using discrete Ricker or continuous logistic models, tuning the models to host population data in the presence of parasitism, then removing parasitism and determining the increase in predicted equilibrium host density. In an area where up to 30% parasitism of a nontarget host population has been recorded, the model estimated an 8% reduction of the nontarget host. In another area, where the parasitoid has not established, the method was applied in reverse to predict the parasitoidÕs impact if it did establish. In this case, the model predicted a 30% suppression of population density. The hostÕs intrinsic rate of increase, r m , accounts for this difference in predicted impact, which was small in the low altitude area where r m was high, and the impact was larger in the higher altitude site where r m was smaller.
THERE IS INCREASING AWARENESS of the potential risks posed by introduced biological control agents to nontarget hosts and particularly, native species (Howarth 1991, Simberloff and Stiling 1996) . While parasitism of native species has been observed (Barratt et al. 1997 , Louda et al. 2003 even at high levels (Gibbs 1980) , Hopper (1998) pointed out that while there was evidence of nontarget parasitism in the Þeld, an adverse effect on population abundance of a nontarget host had never been shown. For entomophagous biocontrol agents, this remains the case (Louda et al. 2003) , although there is evidence for reduction in nontarget plant populations after a weed biocontrol introduction (Louda 1999) . Given that studies of postrelease impact are retrospective, there is difÞculty in carrying out controlled experiments to determine nontarget impacts of a biological control agent. We propose a simple methodology that allows the impact of a given level of parasitism to be estimated in the absence of experimental controls. We use this to provide the Þrst published estimate for the impact of an introduced parasitoid on a nontarget speciesÕ abundance.
The method involves modeling the extant population with parasitism included at a known level, then taking parasitism out of the model and assessing the extent to which population density increases. Two things are essential for this to work. First, the basic parameters for the hostÕs population dynamics must be quantiÞed, which at a minimum involves the intrinsic rate of increase and the density-dependent regulatory processes (or the "carrying capacity" or equilibrium density in the presence of parasitism). Second, the parasitism levels must be capable of translation to mortalities at speciÞed times of the life cycle. In other words, the timing and numbers of parasitoid and host generations must be determined. The host dynamics are expressed in terms of the simplest possible population model, in which unknown parameters, typically the level of background density-independent mortality per generation, are estimated by tuning the model, still with parasitism included, to the observed population trends. Parasitism, translated into a mortality factor, is removed from the model, and its effect on the population is estimated as the difference between the new predicted equilibrium without parasitism compared with the original one in its presence.
Typically, one of three model frameworks will generally be appropriate for the host: a Ricker-type discrete model; an equivalent logistic continuous-time model; or an age-structured model in either discrete or continuous time. The Þrst two are simplest and therefore to be preferred where detailed host data are lacking. They will often yield analytical solutions, whereas age-structured models will generally require numerical solution or simulation.
In this paper, we Þrst provide some theoretical results from the simple analytical models, both discrete and continuous, and then we give a real example involving Ricker-type models applied to the deliberately introduced braconid Microctonus aethiopoides Loan (a biological control agent for control of the lucerne pest, Sitona discoideus Gyllenhal) attacking nontarget native New Zealand broad-nosed weevils Irenimus spp. and Nicaeana spp.(Curculionidae: Entiminae).
Materials and Methods
Discrete-Time Ricker Model. The Ricker, or its nonlinear alternative, the -Ricker (Bellows 1981, Barlow and Clout 1983) , is one of the most well-known single-species models with density dependence, having the advantages of being both readily Þtted to data (Dennis and Taper 1994) and biologically sensible (in that the Þnite rate of increase tends to a maximum value as density declines to zero compared with the Gompertz model in which it tends to inÞnity).
The Ricker was also the model used by Beddington et al. (1978) in their landmark paper considering host suppression versus stability in biological control systems. However, these authors did not explicitly compare host suppression with proportion of hosts parasitized. Kean and Barlow (2000) showed that this relationship depends on the hostÕs intrinsic rate of increase (r m : the lower the r m , the greater the suppression associated with a given level of parasitism).
Here we consider two scenarios using the Ricker model, namely density dependence before or after parasitism and the question of what happens to the equilibrium population density in the presence of parasitism when that parasitism is removed. Taking the ordinary Ricker model (Ricker 1954) , change in the host population is described by:
if parasitism acts before density dependence or
if it acts after density dependence. Here N t ϭ host density in year t, r m ϭ host intrinsic rate of increase, K ϭ host carrying capacity or equilibrium density in the absence of parasitism, and s ϭ proportion of hosts surviving parasitism. As a Þrst approximation, this survival rate, s, can be considered equal to (1 Ð p) n , where p is the average proportion parasitized and n is the numbers of parasitoid generations per host generation.
The new equilibrium densities in the presence of parasitism can be found by setting N t ϭ N tϩ1 ϭ N* in equations 1 and 2 and solving for N*. In the Þrst case (parasitism before density dependence, equation 1), the abundance of the host in the absence of parasitism (K) is related to that in the presence of parasitism (N*), thus: 
where m is the instantaneous mortality rate from parasitism. Setting dN/dt ϭ 0 and solving for N at equilibrium (ϭN*) gives:
and proportional suppression caused by parasitism: m r m [9] Note that equations 5 and 8 and equations 6 and 9 are equivalent when there is no mortality from parasitoids (i.e., as s tends toward 1 and m tends toward 0).
Results
The braconid Microctonus aethiopoides was introduced to New Zealand in 1982 as a biological control agent for the lucerne pest Sitona discoideus (Stufkens et al. 1987) . M. aethiopoides occurs in the Mediterranean region, and the biotype that was introduced into New Zealand originated from Morocco (Aeschlimann 1995) . It is a solitary koinobiont that attacks the adult stage of its host, causing rapid sterility of females and eventually death when the parasitoid larva emerges. M. aethiopoides is now widespread throughout New Zealand wherever S. discoideus is present and has been shown to be an effective biological control agent for this pest Goldson 1993, Goldson et al. 1993) . The same biotype of M. aethiopoides that attacks S. discoideus has subsequently been found to parasitize a number of nontarget weevil species, including sev-eral that are indigenous to New Zealand (Barratt et al. 1997) , especially broad-nosed weevils in the subfamily Entiminae (Leschen et al. 2003) . Nontarget parasitism is occurring outside the target host habitat in developed pasture and grazed natural grasslands (Barratt et al. 1997) .
Weevil densities were monitored for up to 4 yr (1994 Ð1998) at three low-altitude (400 Ð500 m) sites in Otago, New Zealand (Ophir, Kyeburn, and Sutton), as described in Barratt et al. (2001) and for 6 yr (1983Ð 1986 and 1999 Ð2000) at 20 sites at a higher altitude (Ϸ900 m) in the Lammerlaw-Rock and Pillar Range (LRP) area (Barratt and Kuschel 1996) . The lower sites are comprised of improved pasture, and the native weevils coexist with the target host. The LRP area is native tussock oversown with clover and introduced grasses and, like the lower sites, is geographically separate from the target host habitat. Because 20 separate sites were sampled in the LRP area, this data set provides a good basis for determining the density dependence and developing a simple population model for the weevils based on their abundance in November each year, the approximate time of peak egg-laying. In some years, adult weevils were also sampled at other times, which allowed partitioning of the year to test when density dependence was occurring. This was also possible from the low-altitude sites where weevils were sampled continuously, either once or twice a month (Barratt et al. 2000) , and these data provided additional information on phenology based on the recorded status of the adult (e.g., teneral, females with eggs) as reported in Barratt et al. (2000) . A quantitative method was used for weevil sampling, for which details are given in Barratt et al. (2000) . Turf samples 0.1 m 2 in area were taken from pasture or native grassland, and weevils were extracted in a heat gradient in the laboratory. Weevils were identiÞed to species and dissected, and in each case, information was recorded on whether they were teneral, whether females contained fully developed eggs, and whether one or more parasitoid larva were present. Information on phenology of the parasitoid M. aethiopoides was taken from Goldson et al. (1990) .
Parasitism levels of Ͼ10% were found in both Nicaeana and Irenimus at Kyeburn, at lower levels (Ͻ5%) at Ophir and Sutton (Barratt et al. 2000) , and very low levels (Ͻ1%) at LRP sites (B. I. P. Barratt, unpublished data). Consequently, we asked two questions using models. First, what effect is the observed parasitism at Kyeburn having on the weevil populations there and what would happen if the parasitism was removed? Second, what would happen at LRP if the parasitoid became established there and parasitism reached the levels found at Kyeburn? The opportunity exists to test such a prediction, because parasitoids have been released at LRP in a controlled experiment (B. I. P. Barratt, unpublished data).
The detailed patterns of adult weevil phenology at Ophir, Sutton, and Kyeburn are summarized diagrammatically in Fig. 1 using data from these sites where weevil density and levels of parasitism were sampled regularly (Barratt et al. 2000) . Figure 1 also shows the main period of parasitoid activity (Barratt et al. 2000) . The general pattern is of a single winter/spring generation of adult weevils each year (e.g., Fig. 2) , and occasionally, a much smaller summer generation, mainly for Nicaeana. Irenimus overwinters as larvae or pupae, whereas Nicaeana is found year-round as adults; those in the summer generation overwinter and contribute to spring egg-laying. Because most parasitism occurs from late summer to early winter, it is Barratt et al. 2000. immediately obvious that the impact of M. aethiopoides in most sampled areas is necessarily limited because of temporal asynchrony: adults are not present when the parasitoid is active (Figs. 1, aÐ d , and 2). There is partial overlap at sites where a summer weevil generation occurs, but the small size of this generation means that any parasitism within it will have little impact on overall yearly population changes.
The one obvious exception to this general pattern is Nicaeana at Kyeburn (Fig. 1e) . Here, peak adult numbers are reached in autumn rather than spring, and although the main period of reproductive activity remains in spring, egg-laying adults are present yearround. There seem to be two periods of adult weevil emergence as indicated by the presence of newly emerged teneral adults; hence, there are two generations: one in summer/early autumn and one in late winter/early spring. Both are assumed to contribute to egg-laying in spring (Fig. 3) , but the relative magnitude of the two generations varies from year to year. In 1996, for example, no teneral adults were recorded in winter/spring, implying that all spring reproduction was from overwintering adults emerging in the previous summer and autumn. In such years, parasitism could have a major effect by reducing the prereproductive adult densities in autumn. Not surprisingly, given the presence of signiÞcant weevil adults at this time, parasitism levels in Nicaeana at Kyeburn were also reasonably high, averaging 30% in the autumns of 1996 and 1997. However, in other years the winteremerging weevil generation, unaffected by parasitism, contributed as many (e.g., 1997) or more individuals to the population (e.g., 1995). Thus, over the period sampled, prereproductive mortality in the weevils occurred from 30% parasitism in 1 yr, about one-half this in another year, and none in the third year. From this, an effective average of 15% parasitism per year can be calculated. In terms of mortality, parasitism levels observed in autumn represented only a single cycle of parasitism, hence mortality, because Goldson et al. (1990) showed that 144 DD above 9.8ЊC are required for parasitoid development, which translates to 3Ð5 mo, given the temperatures in March and April. Thus, the 15% average parasitism level can be interpreted as a 15% mortality, at least to a Þrst approximation.
The assessment of the impact of this mortality on abundance requires a model for Nicaeana population changes from year to year and knowledge of the timing of density dependence.
At the LRP sites, the relationship between densities of Nicaeana spp. in November of successive years (Fig. 4) is: r ϭ 0.363Ϫ0.0848N t R 2 ϭ 0.134, df ϭ 64, P Ͻ 0.001 [10] where N t ϭ weevils m Ϫ2 in November of year t and r ϭ speciÞc rate of increase ϭ ln(N tϩ1 /N t ). The negative slope (SE ϭ 0.0255) suggests signiÞcant density dependence, and the equation indicates an equilibrium density of N* ϭ 0.363/0.0848 ϭ 4.3 weevils/m 2 in November, together with an intrinsic rate of increase of 0.363/y. Because the majority of the data involved spatial rather than temporal replication, the signiÞ-cance level for the relationship was based on an ordinary t-test rather than bootstrapping (Dennis and Taper 1994) .
Additional samples taken at LRP in the autumns of 1994 and 1999 allowed the timing of density dependence to be investigated by comparing relationships between r and N for two parts of the year: NovemberÐ April and AprilÐNovember. The Þrst was a barely signiÞcant negative relationship (R 2 ϭ 0.19, df ϭ 21, P ϭ 0.05), whereas the second was a highly signiÞcant one (R 2 ϭ 0.37, df ϭ 20, P ϭ 0.01), suggesting that density dependence was most likely to be acting during the winter-spring period, after most parasitism has occurred. A similar partitioning of the data from Kyeburn, Sutton, and Ophir yielded the same conclusion, using samples Ϸ1 mo earlier to correspond with the lower altitude and earlier observed phenology. There was a stronger negative relationship from March to October (R 2 ϭ 0.53, df ϭ 15, P ϭ 0.01) than that for October to March (R 2 ϭ 0.24, df ϭ 15, P ϭ 0.06). In this case, because of the small sample sizes, the data included both Nicaeana spp. and Irenimus spp.
For Nicaeana spp. at Kyeburn, the mean densities of adult weevils at the time of peak egg-laying (October) in 1995/1996, 1996/1997, and 1997/1998 were, respectively, 19.8, 3.9 , and 3.1/m 2 , with an average of 8.9/m 2 over the 3 yr. This is taken to be the value for N* at Kyeburn in the presence of parasitism. The total adult densities in October reßect reasonably well the densities of reproductive adults, and in terms of phenology, they also correspond with the November densities monitored at the higher-altitude LRP sites, where the calculated equilibrium was 4.3 weevils/m 2 . With this background, we can address the two questions posed above, concerning nontarget impacts of M. aethiopoides on native weevils. The Þrst was the extent to which the 8.9 reproductive weevils/m 2 at Kyeburn would increase if the 15% mortality caused by parasitism were removed, assuming that the strength of the density dependence is the same as at LRP and that density dependence follows parasitism.
Given the order of events in the life cycle, namely reproduction, parasitism, and then density dependence, the appropriate formulae for K as a function of N* and for suppression caused by parasitism are shown in equations 3 and 4. Assuming that the strength of the density dependence is the same at Kyeburn as at LRP, the intrinsic rate of increase at Kyeburn can be calculated from equation 10, and the assumed equilibrium density of N* ϭ 8.9. This is r m ϭ 0.0848 ϫ 8.9 ϭ 0.755. Substituting this and the values N* ϭ 8.9 and s ϭ 1 Ϫ 0.15 ϭ 0.85 in equations 3 and 4 give: K (in the absence of parasitism) ϭ 9.64 Estimated suppression ϭ 7.7%
The second question was what would happen at LRP in the presence of the parasitoid? To answer this, it is necessary to consider whether the phenology of the Nicaeana population at LRP is like that of Nicaeana at Sutton (Fig. 1d) or Nicaeana at Kyeburn (Fig. 1e) ? The latter would increase the opportunity for parasitoid impact. Because weevil densities at LRP were sampled in April 1984 as well as November 1983 and November 1984, this provides a ratio of autumn:spring abundance for this pair of years 1: 1.2: weevils were slightly more abundant in autumn than in spring. This compares with autumn:spring ratios, averaged over 4 yr, of 1.6 for Nicaeana at Kyeburn and 0.1 for other species/site combinations (i.e., Fig. 1e compared with  Figs. 1, aÐ d) . It would seem, therefore, that Nicaeana at LRP exhibits a pattern at least partly resembling Nicaeana at Kyeburn in that weevil adults are present in autumn and the opportunity therefore exists for parasitoid impact.
Again using equations 3 and 4, but rearranging equation 3 to give N* as a function of K (ϭ4.3/m 2 ), suggests that: N* (in the presence of parasitism) ϭ 2.8/m 2 Estimated suppression ϭ 35%
Discussion
Risk of nontarget impacts is a critical constraint on the widespread use of biological control, and increasing attention is being paid to the estimation of such risk (Barratt et al. 1999 , Louda et al. 2003 . For entomophagous agents, the most basic screening involves exposure of representative nontarget hosts to the proposed agent, and our previous work has shown that this gives a reasonable indication of the potential for attack in the Þeld (Barratt et al. 1999) . Complementing these laboratory studies is an increasing body of information from retrospective analyses and surveys on observed incidence of nontarget parasitism in the Þeld recently reviewed in Louda et al. (2003) . However, neither this nor similar earlier reviews Duan 2000, Lockwood et al. 2001 ) offer anything to answer the critical question: how is parasitism affecting the abundance of the nontarget populations? Given the compensatory responses present in most populations, it is quite possible that moderate levels of parasitism can be sustained with barely detectable effects on abundance, and hence, pose little risk. Indeed, it is theoretically possible for parasitism to increase average abundance, depending on the order of events in the life cycle (Beddington et al. 1978, Kean and Barlow 2000) . Conversely, relatively low levels of parasitism might translate to substantial impacts on host abundance.
The lack of information on parasitism impacts on nontarget abundance is not entirely surprising. Percent parasitism is relatively easily measured, but translating this into impact requires considerably more information, especially on the hostÕs biology and population dynamics. In the case of New Zealand weevils, with small, soil-dwelling larval stages found to depths of 400 mm and present at relatively low population densities, a robust study of population dynamics and construction of life tables would be prohibitively costly and labor-intensive. In this paper, therefore, we have taken the simplest and most practically feasible approach to translating observed parasitism levels into estimates of population suppression. Despite the approach being fairly crude, we have been able to provide one estimate for the impact of an observed parasitism level, namely 8% population suppression from an average of 15% parasitism at Kyeburn, and one prediction of the likely effect of the same parasitism level in a different habitat and a population currently largely free from attack, namely 35% suppression from 15% parasitism at LRP. To our knowledge, these are the Þrst estimates of impacts of an introduced entomophagous biocontrol agent on nontarget host abundance. The prediction for LRP is being tested experimentally, and its realization assumes that conditions for the parasitoid are as favorable at LRP as at Kyeburn where it is already present. This may not be the case, because the site is at higher altitude, the environment is more complex, and native weevil densities are lower.
The methodology is not constrained to the simple models described here. A continuous time model could be used for insects with overlapping generations. If additional data are available on the nontarget species or if its biology demands a more exacting age-structured model, the same general procedure can be applied using simulation models and numerical, rather than analytical, solutions. An early example of this process was analysis of the effect of parasitism on a target aphid population (Vorley and Wratten 1987) , although density dependence was not included.
A deterministic model such as the one developed here relies on the accuracy of the biological data, which in this case, has been taken from quite thoroughly sampled populations and data sets assembled over long sampling periods with good replication. The lack of consistent seasonality in species such as Nicaeana poses problems that can only be suitably addressed by the assessment of several years of data. However, it must be accepted that a number of major assumptions have been made that only testing the model experimentally will verify. The nontarget impact on native weevil populations was calculated using a simple Ricker model and is therefore subject to the usual assumptions of this type model, i.e., that populations are at equilibrium, that population growth is deterministic, and that populations are homogenous in space. While temporal and spatial variation in vital rates can modify the level of suppression achieved (Beddington et al. 1978) , estimating this variation would require considerably more data than is currently available. QuantiÞcation of nontarget impacts is a relatively recent research area, so the data series available are correspondingly short (Louda et al. 2003) . However, we believe the simple approach presented here provides a useful Þrst approximation of nontarget impacts based on data that are relatively easy to obtain. In contrast, a more mechanistic approach such as a life table study would require more intensive (and in this case impractical) data collection and, by itself, would not make the necessary link from mechanism (mortality from parasitoids) to dynamics (population suppression). Perhaps a more serious crit-icism of the model is the assumption that mortality from the parasitoids is constant, i.e., density independent. Here we have assumed that M. aethiopoides parasitism of the native weevils is "spill-over" parasitism, determined primarily by the average parasitism of the target host (Lynch et al. 2002) . Although in the laboratory it has been shown that M. aethiopoides can develop successfully through successive generations in a nontarget host, Nicaeana cervina Broun (Cresswell 1999) , it has not been ascertained whether this occurs in the Þeld.
The debate on nontarget impacts of introduced biological control agents has reached the stage where both biocontrol practitioners and conservationists agree that improved methods of risk assessment are required. Retrospective analysis of biological control agent introductions provides a powerful tool in assisting in this process. Developing models using data from such studies may be one way in which predicting the impact of future introductions can be advanced.
